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Abstract
Physiological processes are essential for understanding the distribution and abundance of organisms, and recently,
with widespread attention to climate change, physiology has been ushered back to the forefront of ecological
thinking. We present a macrophysiological analysis of the energetics of geographic range size using combined data
on body size, basal metabolic rate (BMR), phylogeny and range properties for 574 species of mammals. We propose
three mechanisms by which interspecific variation in BMR should relate positively to geographic range size: (i)
Thermal Plasticity Hypothesis, (ii) Activity Levels/Dispersal Hypothesis, and (iii) Energy Constraint Hypothesis.
Although each mechanism predicts a positive correlation between BMR and range size, they can be further
distinguished based on the shape of the relationship they predict. We found evidence for the predicted positive
relationship in two dimensions of energetics: (i) the absolute, mass-dependent dimension (BMR) and (ii) the relative,
mass-independent dimension (MIBMR). The shapes of both relationships were similar and most consistent with that
expected from the Energy Constraint Hypothesis, which was proposed previously to explain the classic
macroecological relationship between range size and body size in mammals and birds. The fact that this pattern
holds in the MIBMR dimension indicates that species with supra-allometric metabolic rates require among the largest
ranges, above and beyond the increasing energy demands that accrue as an allometric consequence of large body
size. The relationship is most evident at high latitudes north of the Tropics, where large ranges and elevated MIBMR
are most common. Our results suggest that species that are most vulnerable to extinction from range size reductions
are both large-bodied and have elevated MIBMR, but also, that smaller species with elevated MIBMR are at
heightened risk. We also provide insights into the global latitudinal trends in range size and MIBMR and more general
issues of phylogenetic and geographic scale.
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Introduction

scales. At one extreme are analyses of one to a few species
using correlations between climatic variables (e.g., temperature
isoclines) and range edges, or mechanistic analyses using
experimental approaches such as transplants beyond a range
margin or evaluation of abiotic tolerances [9-12]. Although case
studies may clarify mechanisms, they typically lack generality
because so few species are studied.
At the opposite extreme are macro-scale approaches, our
focus in this study, generally involving large datasets of
hundreds to thousands of species within large taxonomic
groups such as mammals, birds, reptiles or palms, over
continental scales [4,13-18]. Both approaches have implicated
a wide array of intrinsic factors, such as physiological
tolerances, life history and trophic position; and extrinsic

“Who can explain why one species ranges widely and is very
numerous, and why another allied species has a narrow range
and is rare?” - Darwin 1859:6 [1]
A fundamental task of Ecology is to understand the
distributions of species. In particular, the puzzle of why even
closely related species vary so greatly in the size, limits,
position, and shape of their distributions has been an enduring
concern of ecologists [2-7]. For example, geographic range
size (hereafter, range size) varies by 12 orders of magnitude
among extant terrestrial mammals [8].
Attempts to understand determinants of range properties
have been pursued at many geographical and phylogenetic
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latitude [27,28]. In addition, many other factors that likely
contribute to range size besides temperature covary with
latitude, including land area, productivity, species diversity, and
resource turnover rates. Moreover, ‘physiological tolerance’ is a
complex multivariate species trait with many distinct cellular
mechanisms that evolve more or less independently (e.g., heat
tolerance, cold tolerance, tolerance breadth, etc.). Any one or
some combination of these underlying mechanisms of
tolerance could drive patterns. In the end, such habitat
correlational studies can only provide statistical support for
correlations between range properties and coarse-scale abiotic
factors, an understanding that was well-articulated more than a
century ago [29-31].
The emergent field of Macrophysiology aims to address this
lack of mechanism by incorporating physiological species traits
(PSTs) that are theoretically related to both environmental
tolerance/performance and energetics into analyses of range
properties [32-36]. PSTs that are hypothesized to relate to
range properties include heat and cold tolerance limits,
tolerance breadth, performance capacity, performance breadth,
and acclimation capacity [32,37-42]. Thus macrophysiology
integrates several longstanding research approaches to
species distributions including the mechanistic perspective of
physiological ecology, the comparative insights amassed by
comparative physiology, and the large scale of analysis
inherent in macroecology [36].
In this paper, we take a macrophysiological approach using
data on basal metabolic rate (BMR) to understand mammalian
distributions, a group that has been of seminal import in
macroecological studies. Mammals are also well-studied
physiologically, and several explicit hypotheses exist about
how and why variation in BMR should relate to mammalian
distributions. Additionally, we take a phylogenetic approach to
examine whether accounting for relatedness alters
conclusions. Finally, we explore relationships between
physiology and range size at different taxonomic and
geographic scales to assess how the scale of comparison
influences the hypothesized functional relationships.

Table 1. Amount of variation in log10 geographic range size
explained as a linear function of log10 mass in various
groups of mammals and New World birds.

% variation
explained (R2)

Group

No. species

Amazonian primates

39

19

Source
[137]

New World carnivores

70

9

[62]

Neotropical forest mammals

100

10

[138]

African large mammalsa

242

4

[139]

Carnivora

210

4.3

[8]b

Primates

259

4.8

[8]b

Rodentia

1,287

n.s.c

[8]b

Mammalia

3,268

n.s.

[8]b

New World birds

2,908

1

[117]

Geographic range size was measured as squared area, except where noted.
Only studies that measured the complete extent of geographic ranges, rather than
partial or regional ranges, were included. Note the overall negative correlation
between the number of species included in the study and amount of variation
explained.
a latitudinal extent was used as the measure of range size
b calculated from all available data in the PanTHERIA database [8]
c n.s. = not significant (p > 0.05)

doi: 10.1371/journal.pone.0072731.t001

factors, such as the presence and number of competitors,
predators and parasites [2,7,19,20] as determinants of the size,
position and limits of the range. Yet after more than a century
of study, and an expansive catalog of case studies and
correlations of range properties with many variables [19],
recent reviews highlight our limited understanding of the
underlying causal mechanisms that determine this variation at
all scales [7,19,21,22].
Macroecological studies have advanced our understanding
of species distributions by quantitatively and statistically
describing range properties for many kinds of organisms, and
how these properties vary with species traits, geography,
habitat and taxonomy. However, the success of
macroecological approaches in concretely explaining range
properties has been limited, for several reasons. First,
variables included in macroecological analyses such as body
size or trophic position typically explain small amounts of total
variation (e.g., Table 1). Second, macroecological studies still
largely ignore phylogenetic relatedness as a confounding factor
in statistical analysis of pattern, which is now well recognized
as an important issue when using a comparative approach
[1,23,24].
Finally, most macroecological studies infer mechanisms
tangentially, either because they are derived from correlations
to proxy variables such as latitude, or from coarse scale
correlations with habitat variables. For example, many recent
studies have used correlational habitat modeling and latitude to
infer that ‘physiological tolerance’ explains variation in range
size [25,26]. But organisms generally experience climate on a
much finer scale than is captured by the ‘average climate’ at a
given latitude and temperature moments (mean or daily and
seasonal variance) can be complexly and nonlinearly related to
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Theoretical basis of, and alternative hypotheses for, a
functional relationship between PSTs and range size
The thesis that physiology interacts with climate to determine
range size has deep historicalroots (e.g., [29,43,44]; reviewed
by [36]), but a focus on biotic interactions marginalized
physiological thinking from mainstream ecology for decades
[36]. Macrophysiology [36] provides a framework for evaluating
functional hypotheses about how PSTs relate to range
properties.
To date, macrophysiological studies are limited and focus on
the role of physiological niche breadth, primarily tolerances to
temperature. The Climatic Variability Hypothesis [43] predicts
that species that experience wider variation in climate (e.g.,
temperate zone terrestrial species) should have evolved
broader physiological tolerances [28,36,43-46] and therefore
realize larger ranges (reviewed by [45]) than related species
occupying less variable climates. However, few quantitative
tests of these predictions actually exist [7,22,36,45]. The few
extant studies of ectotherms find the expected positive
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relationship between interspecific variation in thermal tolerance
and latitudinal position of the range [37,47,48] and between
thermal tolerance and range size [21,27,38,49,50]. Other
aspects of physiological tolerance, such as resistance to water
logging and drought stress in grasses [51], also positively
correlate with range size.
Little attention has been given to how PSTs other than
tolerance, such as species differences in basal metabolic rates
(BMR), might influence range size or position [32] despite the
well-developed theoretical connection of metabolism and
overall energy budgets [52-58]. This is particularly surprising
for mammals, which have been a favorite subject of
macroecology and comparative physiology, and for which there
is statistically significant residual interspecific variation in BMR
not explained by body size allometry [59,60]. Moreover, the
energetics of endothermy and its relationship to both energy
supply and demand have been widely studied (see below), and
have been hypothesized previously to explain the classic
macroecological relationship between body size and range size
in mammals and birds [14,18]. This relationship is positive and
conforms roughly to a triangular ‘constraint space’
[14,16,61,62], where small species can achieve small or large
ranges, but as species get larger, they are increasingly
restricted to larger ranges. The most widely accepted
explanation for this pattern is that, because larger organisms
require more energy, they are constrained to have lower
population densities, larger home ranges and thus larger
geographic range size to maintain minimum viable population
sizes to avoid extinction [14,61,63-65]. Below we refer to this
as the Energy Constraint Hypothesis. Despite continued
interest in the body size-range size relationship over the last
two decades, little new insight into this macroecological pattern
has emerged (but see [65]), in the sense that fuller statistical
explanations of the variance in range size have not been
realized (Table 1). Moreover, although effects of body size on
metabolic rate and energetics are well-described for mammals,
the role of PSTs and BMR in particular as predictor variables of
range size has not yet been assessed directly, despite the fact
that the original explanation for the body size-range size
relationship was stated in explicit energetic terms [18].
BMR is a measure of the rate of energy use necessary for
sustaining basic physiological functions [66-68]. In endotherms,
our focus here, it is defined as the minimal rate of metabolism
during rest in a postabsorptive (non-digestive) state measured
within the thermoneutral zone [69]. Because BMR is strongly
positively correlated with body size in animals [70,71], any
macroecological relationship between BMR and range size
should be similar to the previously well-known relationship
between body size and range size discussed above. Of more
interest here is that, across the range of mammal body sizes
and taxonomic diversity in the present data set (see Methods),
there is ~6% unexplained residual variation in BMR with
respect to mass (hereafter, mass-independent BMR, MIBMR).
MIBMR correlates negatively with environmental temperature
and positively with latitude in mammals [39,67,72-75].
Latitude is often used as a proxy for thermal environments
because average ambient temperatures (Tenv) generally
decrease and temperature variation (∆Tenv) generally increases
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from the equator to the poles (Figure 3 in [76]; see also [27]).
Selection for increased heat production to maintain body
temperature in the face of low Tenv and high ∆Tenv is thought to
be the primary driver of the latitudinal gradient in MIBMR.
We hypothesize three related, non-mutually exclusive causal
links between species differences in BMR and range size:
1

Thermal Plasticity Hypothesis: High BMR increases thermal
tolerance [66,77], which increases potential range size. Given
sufficient available energy, high BMR species can better
maintain homeothermy at high latitudes and elevations and are
better equipped to cross physiological barriers, such as
mountain chains [43,45,78], with comparatively low Tenv and
high ∆Tenv. As a result of their increased aerobic scope (i.e.,
ability to increase metabolism above resting rate), high BMR
species are also better able to harvest enough energy in the
short-term to meet energy requirements in the long-term, such
as hoarding food for winter. Thus, high BMR species are better
equipped to inhabit more variable thermal and resource
environments, such as those typically found at higher latitudes
and elevations [77]. Nonetheless, high BMR species are not
necessarily restricted to living at high latitudes or elevations
because genetic, phenotypic and seasonal variation in
metabolism, body size and heat dissipation mechanisms (e.g.,
fur length or density) can allow populations at low latitude and
low elevation to persist.
2 Activity Levels /Dispersal Hypothesis: High BMR increases
activity levels and dispersal potential of individuals and,
ultimately, increases potential range size. Intraspecific and
interspecific studies of diverse animal taxa generally indicate a
positive link between BMR and activity levels [73,79-85],
metabolic rates and dispersal potential [32,86,87], and
dispersal potential and range size [32,51,88-90]. Moreover, the
evolution of endothermy and associated high BMR is most
often explained by the aerobic capacity model [77,91,92],
which states that high BMR evolves as a correlated response
to selection for increased aerobic scope to power higher
maximal rates of metabolism or higher rates of sustained
metabolic activity. At the cellular level, high BMR permits
higher rates of ATP synthesis and more rapid use of ATP by
muscles and visceral organs to support higher rates of
foraging, growth, reproduction and thermogenesis [77].
Presumably, the increased aerobic scope associated with
increased BMR allows individuals to move over larger
distances, forage and seek mates more widely, and disperse
and colonize at higher rates. Low BMR is advantageous
because it requires less energy, which may permit occupation
of low-energy habitats; however, the cost is that physiological
rates and behaviors governing growth, activity and
reproduction are reduced, and thus rates of dispersal and
colonization are potentially low.
3 Energy Constraint Hypothesis [14,18,61,63-65]: Because
higher BMR requires higher, sustained levels of energy
throughput, habitat energy availability should constrain the
evolution, interspecific frequency, and geographic distribution
of high BMR. Concomitantly, once high BMR evolves, these
same demands may constrain individuals to forage farther and
space themselves more widely to obtain sufficient energy,
resulting in low population densities, larger home ranges, and

3

September 2013 | Volume 8 | Issue 9 | e72731

Macrophysiology of Geographic Range Size

Figure 1. Hypothetical forms of a positive macroecological relationship between basal metabolic rate (BMR) and
geographic range size. (a) Expected relationship if low BMR (low performance capacity) is a constraint on achieving large range
size (upper bound with positive slope) and high BMR is an advantage for achieving large range size, but not a constraint on
persisting with small range size (constant lower bound). This pattern would be consistent with the Thermal Plasticity Hypothesis and
Activity Levels/Dispersal Hypothesis. (b) Expected relationship if high BMR (high energy demand) is a constraint on persisting with
large range size (lower bound with positive slope), but not a requirement for achieving large range size (constant upper bound). This
pattern would be consistent with the Energy Constraint Hypothesis, and is the same pattern described previously for the relationship
between body size and range size. (c) Expected relationship if constraints on range size operate at both ends of the BMR spectrum.
At low BMR, species are constrained against achieving large ranges as in (a). At high BMR, species are constrained to have large
ranges as in (b). See text for details.
doi: 10.1371/journal.pone.0072731.g001

ultimately larger species distributions to maintain minimum
viable population sizes to avoid extinction. As discussed above,
this mechanism has been proposed previously to explain body
size-range size relationships [14,18,61,63-65].

we evaluate the global latitudinal trends in mammal range size
and MIBMR and relate these to climate and geographic
differences in the MIBMR-range size relationship. Third, we
provide a general commentary on the value of a
macrophysiological approach for understanding species
distributions and the broad conservation implications of our
study for predicting vulnerability to range size reductions driven
by large-scale environmental change (e.g., habitat loss, climate
change).

These non-mutually-exclusive hypotheses can be partially
contrasted based on the form of the macroecological pattern
they predict (Figure 1). The Thermal Plasticity Hypothesis and
Activity Levels/Dispersal Hypothesis can both be viewed as
constraints arising from performance capacity and predict that
low BMR is a constraint on achieving large range size, but that
high BMR species can have large or small ranges. These
hypotheses predict a positive relationship described by a
triangular trait-space lacking species with low BMR and large
range size (Figure 1a). In contrast, the Energy Constraint
Hypothesis is a constraint arising from energy demand and
predicts that high BMR is a constraint on persisting with small
range size, but not a requirement for achieving large range
size, so that low BMR species can have large or small ranges.
This hypothesis predicts a triangular trait-space lacking species
with high BMR and small range size (Figure 1b). If these
mechanisms operate together, then we should observe an
absence of both species with low BMR and large ranges and
species with high BMR and small ranges. In this case, the
relationship should be well-described by a line (Figure 1c).
This paper has three major aims. First, we test for the
predicted positive relationship between BMR and range size
and attempt to resolve the three hypotheses outlined above. To
do this, we analyzed a relatively large sample of terrestrial
mammals (45% of which are rodents), taking account of
phylogeny and covariation with latitude and body size. Second,

PLOS ONE | www.plosone.org

Methods
Data sources
Range size in this study represents an estimate of the area
contained within the outer-most limits of a species’ known
distribution [7]. Range size, along with latitudinal and
longitudinal extents of occurrence, were obtained from the
PanTHERIA database [8], with modifications by G. Ceballos
(see refs [93,94] for details) for 4,668 extant, non-marine
mammal species. Body size (mass) and BMR data that met
standards for reliability per Sieg et al. [60] were available for
695 species (Dryad Digital Repository: http://datadryad.org/
handle/10255/dryad.712). The final data set used in this study
included 574 species for which there were combined data on
range size, mass and BMR, and which were included in the
most complete mammalian phylogeny available (which
includes 4,510 extant species and is 47% resolved compared
to a fully bifurcating tree [95,96]). The phylogeny and all
species names follow Wilson & Reeder [97]. We examined two
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nested data sets, all mammals (N = 574) and rodents (N =
259).

We first regressed range size against mass, BMR and
MIBMR without respect to latitude to compare the nature and
strength of the relationships. For a more conservative test of
the MIBMR-range size relationship, we accounted for
covariance between range size and latitude by regressing
residuals of the range size-latitude relationship (latitudeindependent range size) against MIBMR. We examined this
relationship globally and for three regions: North (> 23.7°
latitude), Tropics (23.7° to -23.7° latitude), South (< -23.7°
latitude). Species were assigned to regions based on the
latitudinal midpoint of their range. Third, we used OLS and
PGLSλ multiple regression to test for an effect of MIBMR on
range size with mass and latitude as additional predictors and
to examine the predictive power of multivariate models.
Because the previous analyses indicated significant
differences, we conducted separate multiple regressions for
each region. Lastly, we used OLS simple regression to
examine the relationship between MIBMR and latitudeindependent range size at the among-families level using
family mean trait values.
In all analyses, we used the Akaike Information Criterion with
the second-order correction for finite sample sizes (AICc) to
choose between linear and curvilinear models when fitting OLS
regressions and to evaluate whether OLS or PGLSλ provided a
better fit to the data [105]. All statistical analyses were
performed in R 2.11.1 or JMP 9.0.0 [106] and were considered
significant at p < 0.05. p-values between 0.05 and 0.10 are
referred to as ‘marginally significant’.

Statistical analysis
All variables were log10 transformed. To derive MIBMR, we
regressed BMR against mass to obtain the residuals. This was
done separately for the analysis involving all mammals and that
involving only rodents. We used non-phylogenetic ordinary
least squares regression (OLS) and phylogenetic generalized
least squares regression (PGLS) to test for a relationship
between MIBMR and range size. Although MIBMR was our
variable of central interest, we conducted similar analyses of
mass and BMR versus range size. We first used OLS to
examine latitudinal trends in range size and MIBMR. We
assigned species along the latitudinal gradient using the
latitudinal midpoint of a species geographic range [7]. Given
that range size was significantly related to latitude, we used the
residuals of this relationship to obtain latitude-independent
range size for our most conservative test of the MIBMR-range
size relationship.
Because shared evolutionary history among species can
cause interspecific trait similarity, it may inflate statistical power
in comparative analyses, possibly leading to erroneous
conclusions [23,24,98,99]. Nevertheless, current methods for
accounting for phylogenetic autocorrelation in comparative
studies (e.g., PGLS) are not a panacea for resolving these
issues because (1) most phylogenies are incomplete and
include unresolved relationships (‘soft’ polytomies), and (2)
specific models of trait evolution, such as Brownian motion,
must be assumed to perform the analyses, yet are not
empirically supported [100]. For comparison and because
neither method is ideal, we used both OLS and PGLS
regression in this study.
To perform PGLS, we used Pagel’s correlation structure
(corPagel) in the APE package [101] in the program R 2.11.1
[102]. Pagel’s version of PGLS (PGLSλ) assumes a Brownian
motion model of evolution to estimate the amount of
phylogenetic signal in the trait data (λ) using maximumlikelihood and then uses this value to estimate the
phylogenetically-corrected
regression
between
traits
[98,103,104]. The parameter λ usually varies between 0 and 1,
but in some circumstances can be > 1. When λ = 0, there is no
phylogenetic correlation in the trait data and those species can
be treated as independent observations (trait variation is
independent of phylogeny). In this case, PGLSλ is equivalent to
OLS. When λ = 1, this indicates that traits have evolved along
the phylogeny in a manner congruent with Brownian motion,
such that trait variation scales in direct proportion to shared
evolutionary history. In this case, PGLSλ is comparable to
independent contrasts [23]. Intermediate values of λ can be
interpreted as the strength of the phylogenetic signal in the trait
data from 0 to 1. Because the species-level relationships of
mammals are only ~50% resolved, and therefore phylogenetic
comparative methods may allow only weak tests under these
circumstances, we also examined relationships among families
– both across mammals and within rodents – to provide an
additional perspective on the role that phylogenetic relatedness
may play in these data.

PLOS ONE | www.plosone.org

Results
Our data set comprised 99 mammal families, 39% of which
were represented by a single species. The representative
number of species for the remaining families ranged from 2-76.
In the full mammal data set, range size (as area, km2) is highly
correlated with both latitudinal (r = 0.95, p < 0.0001) and
longitudinal (r = 0.94, p < 0.0001) extent of geographic ranges.
Thus, range size in squared area, and latitudinal and
longitudinal extent provide very similar information. We present
only the results involving range area.
Histograms of range size are shown in Figure S1. Range
size in mammals varied from less than 1 km2 for the murid
rodent Melomys rubicola to 63 million km2 for the red fox
(Vulpes vulpes). By contrast the distribution of range sizes of
the 574 species for which we had appropriate metabolic rate
data ranged from 2,237 km2 in the chipmunk Tamias palmeri to
63 million km2 in the red fox. Thus, our data set varied over 5
orders of magnitude compared to 12 orders of magnitude in
PanTHERIA and was biased against species with small
ranges. Both distributions were strongly right-skewed for
untransformed data but less strongly left-skewed for log10
transformed data. Similar results were found when the rodent
data were analyzed separately (Figure S1).
The allometries of BMR and mass and the residuals are
shown in Figure S2. For all mammals, mass explained 94.5%
of the variation in BMR. Even on a log-log plot, the allometry
was best described by the quadratic function: log10BMR =
0.642 + 0.673 · log10 Mass + 0.031 · (log10 Mass - 2.269)2 (F2, 571
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Figure 2. Latitudinal trends in (a-c) geographic range size and (d, e) mass-independent basal metabolic rate (MIBMR) for
various mammal datasets. Points along the x-axis represent the latitudinal midpoint of a species’ geographic range. Significant
relationships are indicated by OLS regression lines-of-best-fit. Positive latitudes represent the Northern hemisphere; negative
latitudes represent the Southern hemisphere.
doi: 10.1371/journal.pone.0072731.g002

Latitudinal trends

= 4897.08, p < 0.0001). Although the improvement in R2 was
negligible (< 1%) compared to the linear function, the quadratic
term was significant, so we used it to derive the residuals for
our measure of MIBMR (results were qualitatively the same
using the residuals estimated from the linear function).
Residuals were normally distributed and MIBMR was not
correlated with mass; species with both higher and lower than
expected BMR for their body size occurred across the range of
masses (Figure S2). For rodents only, mass explained 88.4%
of the variation in BMR: log10BMR = 0.694 + 0.671 · log10 Mass
(F1, 257 = 1962.75, p < 0.0001). Again, residuals were normally
distributed and not correlated with mass.
Although MIBMR and mass were orthogonal, MIBMR and
BMR were correlated for all mammals (r = 0.23, n = 574, p <
0.0001) and for rodents only (r = 0.32, n = 259, p < 0.0001).

PLOS ONE | www.plosone.org

Based on AICc scores, the OLS relationship between range
size and latitude (Figure 2a-c) was best described by a cubic
function for all mammals (PanTHERIA: R2 = 0.025, F3, 4664 =
39.87, p < 0.0001), the subset of mammals in this study (R2 =
0.15, F3, 570 = 34.45, p < 0.0001), and the subset of rodents in
this study (R2 = 0.11, F3, 255 = 10.78, p < 0.001). In each case,
average range size increased in the Southern hemisphere from
about -55° latitude towards the tropics, remained constant
throughout the tropics, and increased from the tropics to high
latitudes in the Northern hemisphere.
The relationship between MIBMR and latitude (Figure 2d,e)
was best described by a quadratic function for all mammals (R2
= 0.20, F2, 571 = 73.20, p < 0.0001) and just rodents (R2 = 0.15,
F2, 256 = 22.25, p < 0.0001). MIBMR increased relatively strongly
with latitude in the Northern hemisphere, where the data
extend to 70.7° latitude (Lemmus sibiricus). MIBMR increased
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size. In the South, latitude had a significant negative effect and
there was a marginally significant effect of MIBMR in both OLS
and PGLSλ regression.

less strongly (if at all) with latitude in the Southern hemisphere,
where the data extend only to -53.5° latitude (Euneomys
chinchilloides), with few data points past -40° latitude. Note that
south of -55° latitude, there is essentially no land until reaching
Antarctica.

Family-level analyses
As described earlier, the low species-level resolution of
mammalian relationships afforded weak tests of the impact of
phylogeny upon the traits analyzed, so we opted to also
examine these relationships at the family level where data
permitted. For all mammal families (Figure 6a), there was a
significant positive OLS relationship between mean MIBMR
and mean latitude-independent range size (slope = 1.075 ±
0.402, R2 = 0.07, F1, 97 = 7.16, p = 0.009) and between mean
mass and mean latitude-independent range size (slope = 0.112
± 0.058, R2 = 0.04, F1, 97 = 3.84, p = 0.053). By contrast, for
rodent families only (Figure 6b), there was a strong positive
OLS relationship between mean MIBMR and mean latitudeindependent range size (slope = 3.462 ± 0.896, R2 = 0.42, F1, 21
= 14.93, p = 0.0009), but no relationship between mean mass
and mean latitude-independent range size (slope = 0.266 ±
0.156, R2 = 0.12, F1, 21 = 2.90, p = 0.103)

Mass-, BMR- and MIBMR-range size relationships
For all mammals, there was a significant positive relationship
between range size and mass, range size and BMR, and range
size and MIBMR (Table 2; Figure 3a-c). Although the
parameter estimates differed, the same results were found
using OLS and PGLSλ regression (Table 2). We also divided
the range size data into quartiles: average MIBMR decreased
significantly from the highest to lowest quartile (Figure 4a).
When the correlation between latitude and range size was
removed, the relationship between latitude-independent range
size and MIBMR was not significant for OLS and marginally
significant (0.10 < p > 0.05) for PGLSλ (Table 2). However,
when the data were analyzed separately by region (Table 3),
there was a significant relationship between range size and
MIBMR (Figure S3) and between latitude-independent range
size and MIBMR (Figure 5a-c) in the North (n = 214) for both
OLS and PGLSλ, whereas no relationship was detected in the
Tropics (n = 263) or South (n = 97).
For rodents, there was no significant relationship between
range size and mass or between range size and BMR (Table 2;
Figure 3d,e). There was a significant positive relationship
between range size and MIBMR for both OLS and PGLSλ
regression (Table 2; Figure 3f). As with all mammals, average
MIBMR decreased from the highest to lowest range size
quartile (Figure 4b). When the effect of latitude on range size
was removed, there was a marginally significant relationship
between latitude-independent range size and MIBMR for both
OLS and PGLSλ (Table 2). However, again, these relationships
changed when separated by region (Table 3). As in the allmammals dataset, there was a significant positive relationship
between range size and MIBMR (Figure S3) and between
latitude-independent range size and MIBMR (Figure 5d-f) for
rodents in the North (n = 142). Unlike all mammals, and only for
the PGLSλ analysis of latitude-independent range size, there
also was a significant positive relationship in the South (n =
45).
The amount of variation in range size explained by MIBMR,
mass and latitude combined varied from 2-28%, depending on
geographic region and taxonomic scale (Table 4). For all
mammals in the North, OLS multiple regression showed
significant positive effects of each variable, while PGLSλ
multiple regression revealed only a significant effect of latitude
with marginally significant effects of mass and MIBMR. In the
Tropics, only mass had a significant positive effect on range
size in the OLS multiple regression; the PGLSλ multiple
regression was not significant. In the South, only latitude had a
significant negative effect on range size in both OLS and
PGLSλ multiple regressions.
For rodents in the North, both OLS and PGLSλ multiple
regression showed significant positive effects of latitude and
MIBMR on range size, but no effect of mass (Table 4). In the
Tropics, there was no significant effect of any variable on range
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Discussion
Geographic range size is codified as a key criterion for
inferring vulnerability to extinction [107,108]. The underlying
assumption is that narrow distribution or stenotopy is inherently
risky and conversely that broad distribution or eurytopy confers
resistance to stochastic extinction. Hence, the identification of
species’ traits including PSTs that relate to range size is
essential to assess vulnerability to extinction and, moreover,
key to gaining a mechanistic understanding of range size
diversity and dynamics [32,109].

Metabolic rate, range size and the Energy Constraint
Hypothesis
We hypothesized that diversity in geographic range size in
the assemblage of contemporary terrestrial mammals would be
positively related to diversity in metabolic rate. Using the
largest macrophysiological dataset yet assembled for
mammals (or any other major monophyletic radiation), we
found evidence for this prediction in two dimensions: BMR, a
measure of absolute minimal energy demand, and MIBMR, a
measure of relative minimal energy demand, both of which are
significantly positively correlated with range size.
Our analysis of the classic macroecological relationship
between mass and range size showed that as body size
increases, species occupy larger ranges, so there is a general
lack of large-bodied stenotopic species (Figure 3a,d), as
previously known [18,63,65,110]. Our new macrophysiological
analyses showed a similar lack of stenotopic species with high
BMRs (Figure 3b,e) or high MIBMRs (Figure 3c,f). In terms of
our three hypothesized mechanisms (Figure 1), the observed
patterns are most consistent with that expected from the
Energy Constraint Hypothesis (Figure 1b) previously invoked to
explain the relationship between mass and range size: small
body size/low BMR or low MIBMR does not necessarily restrict
species to smaller ranges, but large body size/high BMR or
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Table 2. Global non-phylogenetic (OLS) and phylogenetic (PGLSλ) simple linear regressions of geographic range size
versus mass, BMR, and MIBMR in all mammals and rodents.

Regression model:
Group

Test

Parameters

OLS

p-value

PGLSλ

p-value

Mammals

GR~mass

slope

0.112 (0.033)

<0.001

0.107 (0.048)

0.03

intercept

5.805 (0.082)

<0.001

5.620 (0.369)

<0.001

R2

0.02

-

λ

-

0.56

AICc

1385.99

slope

0.202 (0.045)

<0.001

0.195 (0.064)

0.002

intercept

5.615 (0.105)

<0.001

5.438 (0.373)

<0.001

R2

0.03

-

λ

-

0.55

AICc

1377.95

slope

0.682 (0.194)

<0.001

0.491 (0.205)

0.02

intercept

6.059 (0.034)

<0.001

5.971 (0.342)

<0.001

R2

0.02

-

λ

-

0.57

AICc

1385.32

slope

0.270 (0.180)

0.13

0.367 (0.196)

0.06

intercept

-1.3e-11(0.031)

1.00

-0.019 (0.297)

0.95

R2

0.004

-

λ

-

0.49

AICc

1299.63

slope

0.016 (0.076)

0.83

0.145 (0.099)

0.14

intercept

5.848 (0.154)

<0.001

5.712 (0.277)

<0.001

R2

0.00

-

λ

-

0.38

AICc

597.90

slope

0.145 (0.106)

0.17

0.310 (0.132)

0.02

intercept

5.590 (0.216)

<0.001

5.353 (0.325)

<0.001

R2

0.01

-

λ

-

0.37

AICc

596.05

slope

1.066 (0.304)

<0.001

0.842 (0.328)

0.01

intercept

5.879 (0.046)

<0.001

6.007 (0.169)

<0.001

R2

0.05

-

λ

-

0.35

AICc

585.85

slope

0.531 (0.291)

0.069

0.541 (0.314)

0.086

intercept

-3.7e-11(0.004)

1.000

0.113 (0.147)

0.44

R2

0.013

-

λ

-

0.29

AICc

563.70

561.67

GR~BMR

GR~MIBMR

LIGR~MIBMR

Rodents

GR~mass

GR~BMR

GR~MIBMR

LIGR~MIBMR

1250.53

1246.34

1248.97

1206.81

586.91

583.02

580.22

All variables were log10 transformed. GR = geographic range size; BMR = basal metabolic rate; LIGR = latitude-independent GR; MIBMR = mass-independent BMR.
Standard error of the slope (b) and intercept (a) are in parentheses. Statistically significant (p < 0.05) and “marginally significant” (0.10 < p > 0.05) slopes are indicated by pvalues in bold.
doi: 10.1371/journal.pone.0072731.t002

species to support minimum viable populations to avoid
extinction.
A recent refinement of the Energy Constraint Hypothesis
modifies the classic view of the body size-range size
relationship in mammals [65]. That work, which examined a
much larger body size-range size data set (n = 3268 species,
approx. 57% of known species) than this or previous studies

high MIBMR apparently constrains species to relatively large
ranges. Presumably, the operant constraints on minimum
range size in both dimensions of energetics stem from per
capita energy demand, in which an increase in either absolute
(mass, BMR) or relative (MIBMR) energy demand increases
the minimum area required for individuals and therefore
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Figure 3. Among-species relationship between geographic range size and (a, d) mass, (b, e) BMR, and (c, f) MIBMR in all
mammals and rodents. OLS (solid) and PGLS (dashed) regression lines are plotted where significant. Dotted lines were drawn by
eye to illustrate the hypothesized functional constraint (see text).
doi: 10.1371/journal.pone.0072731.g003

detected a transition in the body size-range size relationship
around the modal mammal body size (~40 g in the expanded
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body size-range size data set [65]; ~100 g in the entire
assemblage of mammals [111]). For larger species to the right
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Figure 4. Box-plots of MIBMR among quartiles of geographic range size for (a) all mammals and (b) rodents. Different
letters indicate significant differences among quartiles (ANOVA followed by Tukey-Kramer HSD test).
doi: 10.1371/journal.pone.0072731.g004

body size and home range size [112,113]. Thus, the negative
relationship between body size and geographic range size in
small mammals is now argued to be another constraint on
minimum space requirements arising from progressively higher
mass-specific energy demands at small body sizes [65]. In
short, although the body size-range size relationships we
present here fit the classic view of the triangular constraint
space in Figure 1b, it is important to recognize that an
expanded data set [65] shows the relationship actually shifts
from negative in the smallest species (< ~ log10 [2] = 100 g) to
positive in larger species (> log10 [2] =100 g).
Comparative explanatory power of mass and metabolic
rate: analysis of central tendencies. It has long been
assumed that energy demand underlies the relationship
between mass and range size [18]. Our analysis of BMR and
range size confirms this (Figure 3b,e). Moreover, our analysis

of the mode, the pattern described above of progressively
larger ranges with increasing body size was clearly evident in
the expanded data set, consistent with the original Energy
Constraint Hypothesis [18]. However, for smaller species to the
left of the mode, the relationship between body size and range
size was actually negative, prompting a modified Energy
Constraint Hypothesis that includes a transition in the
energetics of body size and its consequences for minimum
space requirements as body size departs in either direction
from the mode. Because the allometry of BMR to mass in
mammals has a slope < 1, there is a transition from high massspecific (i.e., per gram) BMR in small mammals to low massspecific BMR in large mammals. Thus, the smallest mammals
have the highest mass-specific energy demands, which may
increase their space needs above those expected based solely
on their small body size, as seen in the relationship between
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Table 3. Regional non-phylogenetic (OLS) and phylogenetic (PGLSλ) simple linear regressions of geographic range size as
a function of MIBMR in all mammals and rodents in the North (> 23.7° lat), Tropics (23.7° to -23.7° lat), and South (< -23.7°
lat)

Response variable:

Range size

Latitude-independent range size

Regression model:

Regression model:

Group

Region

Parameters

OLS

p-value

PGLSλ

p-value

OLS

p-value PGLSλ

Mammals

North

slope

1.256 (0.305)

<0.0001

0.990 (0.322)

0.0024

0.802 (0.301)

0.008

0.655 (0.317)

0.04

intercept

6.081 (0.058)

<0.0001

6.345 (0.304)

<0.0001

-0.068 (0.057)

0.23

0.215 (0.309)

0.48

R2

0.07

-

0.03

-

λ

-

0.38

-

0.38

AICc

492.33

465.48

486.46

slope

0.065 (0.306)

0.83

0.039 (0.301)

0.90

-0.053 (0.298)

0.82

-0.020 (0.297)

0.95

intercept

6.145 (0.052)

<0.0001

5.988 (0.428)

<0.0001

-0.011 (0.051)

0.85

-0.147 (0.407)

0.72

R2

0.0002

-

0.0001

-

λ

-

0.74

-

0.71

AICc

636.87

561.59

622.97

slope

-0.104 (0.547)

0.85

0.161 (0.537)

0.76

0.066 (0.484)

0.89

0.402 (0.461)

0.39

intercept

5.549 (0.078)

<0.0001

5.629 (0.278)

<0.0001

0.029 (0.069)

0.68

0.089 (0.306)

0.77

R2

0.0004

-

0.0002

-

λ

-

0.37

-

0.55

AICc

214.99

215.58

191.21

slope

1.476 (0.396)

<0.001

1.249 (0.439)

0.005

0.908 (0.396)

0.025

0.899 (0.434)

0.04

intercept

5.909 (0.066)

<0.0001

6.051 (0.162)

<0.0001

-0.023 (0.062)

0.71

0.134 (0.174)

0.44

R2

0.09

-

0.036

-

λ

-

0.23

-

0.28

AICc

320.98

321.47

318.39

slope

-0.631 (0.589)

0.30

-0.029 (0.566)

0.95

-0.528 (0.572)

0.36

-0.280 (0.147)

0.062

intercept

5.869 (0.085)

<0.0001

6.015 (0.267)

<0.0001

0.009 (0.086)

0.91

-0.776 (0.161)

<0.001

R2

0.015

-

0.012

-

λ

-

0.76

-

1.33

AICc

160.35

145.94

158.84

slope

0.734 (0.836)

0.39

0.874 (0.757)

0.25

1.132 (0.783)

0.16

1.432 (0.698)

0.046

intercept

5.536 (0.107)

<0.0001

5.557 (0.232)

<0.0001

-0.010 (0.104)

0.92

-0.015 (0.219)

0.95

R2

0.02

-

0.046

-

λ

-

0.41

-

0.44

AICc

98.54

93.92

92.78

85.70

Tropics

South

Rodents

North

Tropics

South

p-value

456.20

556.34

187.44

315.23

80.40

All variables were log10 transformed. Standard error of the slope (b) and intercept (a) are in parentheses. Statistically significant (p < 0.05) and “marginally significant” (0.10
< p > 0.05) slopes are indicated by p-values in bold.
doi: 10.1371/journal.pone.0072731.t003

and explained none of the range variance among rodent
families. However, the small amount of variation explained by
the predictors we examined highlights the limited success that
traditional regression approaches have had in resolving
determinants of variation in range size, especially when large
numbers of species are compared within a single set of
statistical models [14,61].
Comparison of boundary line-constrained trait spaces:
analysis of functional diversity.
A more informative
perspective on macro-scale relationships between range size
and species traits is the idea of a 2D trait-space bounded by
mechanisms that restrict the combinations of values to fall
within a constrained space (Figure 1). The ‘constraint space’
approach [14] shifts emphasis from estimating linear
relationships between variables to considering why certain

of MIBMR uncovers a second, previously unrecognized
dimension to the energetics of range size diversity in
mammals. In fact, MIBMR explained more variation in range
size than mass, the most widely studied macroecological
predictor of range size [7,14,17,64,114,115] (Table 1). In OLS
regressions, among-species variation in MIBMR explained from
2-5% of variation in range size, with and without the effects of
latitude. Despite this small amount of explained variance,
MIBMR explained almost twice the interspecific range variance
than did mass (2% in mammals, none in rodents). This pattern
was amplified in the family-level analyses. Among families,
MIBMR explained 7% and 42% of the variation in latitudeindependent range size in mammals and in rodents,
respectively. By comparison, mass explained 4% of variation in
latitude-independent range size among all mammal families
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Figure 5. Among-species relationship between latitude-independent geographic range size and MIBMR for species whose
range latitudinal midpoint occurs in the (a, d) North, (b, e) Tropics and (c, f) South for all mammals and rodents. Significant
OLS and PGLS relationships are indicated by an asterisk.
doi: 10.1371/journal.pone.0072731.g005
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Table 4. Partial regression coefficients (bi) of non-phylogenetic (OLS) and phylogenetic (PGLSλ) multiple regressions of
geographic range size as a function of MIBMR, mass and the range latitudinal midpoint in the North (> 23.7° lat), Tropics
(23.7° to -23.7° lat), and South (< -23.7° lat)

Regression model:

OLS

PGLSλ

Group

Region

Variable

bi

SE

p-value

Model R2

Model AICc

bi

SE

p-value

λ

Model AICc

Mammals

North

MIBMR

0.791

0.244

0.02

0.16

475.37

0.557

0.326

0.09

0.36

449.18

mass

0.181

0.051

0.001

0.130

0.070

0.06

latitude

0.016

0.006

0.01

0.022

0.005

<0.001

MIBMR

-0.01

0.311

0.97

0.032

0.303

0.91

0.72

562.46

mass

0.094

0.046

0.04

0.068

0.066

0.30

latitude

0.003

0.004

0.47

-0.005

0.004

0.20

MIBMR

0.078

0.472

0.87

0.416

0.443

0.35

0.61

182.64

mass

-0.022

0.071

0.75

0.085

0.084

0.31

latitude

-0.069

0.012

<0.001

-0.076

0.011

<0.001

MIBMR

1.051

0.443

0.02

0.894

0.448

0.05

0.28

323.24

mass

0.023

0.107

0.83

0.153

0.128

0.23

latitude

0.018

0.008

0.02

0.024

0.008

0.002

MIBMR

-0.521

0.589

0.38

-0.263

0.309

0.40

1.29

95.45

mass

0.146

0.137

0.29

latitude

-0.008

0.006

0.12

MIBMR

1.420

0.807

0.09

0.50

93.31

mass

-0.133

0.153

latitude

-0.048

0.017

Tropics

South

Rodents

North

Tropics

South

0.02

636.33

0.28

188.05

0.13

332.26

0.08

172.68

0.114
-0.001
0.20

102.77

0.073

0.13

0.003

0.68

1.370

0.699

0.06

0.39

0.312

0.188

0.11

0.01

-0.052

0.016

0.003

All variables were log10 transformed. Statistically significant (p < 0.05) and “marginally significant” (0.10 < p > 0.05) coefficients are indicated by p-values in bold.
doi: 10.1371/journal.pone.0072731.t004

regions in any two-space are well-populated by extant species,
whereas others have a dearth or even complete lack of
species. Further, the constraint space approach aims to
decipher the functional constraints that correlate with parts of
the trait-space in which particular types of species are underrepresented or non-existent.
From this perspective, we find that the shapes of the traitspaces describing the relationships between range size and
the predictor variables are highly similar (Figure 3). Each traitspace is roughly triangular and has a positive lower bound
(dotted lines in Figure 3) indicating a constraint on minimum
range size as a function of absolute (mass, BMR) and relative
(MIBMR) energy demand. The finding that trait-spaces
involving metabolic rates as predictors reveal the same positive
lower bound previously observed for mass provides the first
direct macrophysiological evidence that energy limitation per se
constrains the lower right portion of the trait-space, supporting
the Energy Constraint Hypothesis [14,18,62-65,115]. For BMR,
this is not surprising because it is highly correlated with mass,
which is what motivated the Energy Constraint Hypothesis to
explain the body size-range size relationship in the first place
[18]. Nevertheless, our analysis is apparently the first direct test
using metabolic rate data.
The discovery of the triangular trait-space and positive lower
bound in the MIBMR-range size dimension is unexpected and,
because BMR and MIBMR are not highly correlated with each
other, it reveals a second dimension of energetic constraint on
mammal distributions. MIBMR can be thought of as the nonallometric interspecific variance in BMR. In the context of the
Energy Constraint Hypothesis, the result that the positive lower

PLOS ONE | www.plosone.org

bound is also evident for MIMBR indicates that species that
have deviated towards higher metabolic rates are relatively
rare and require among the largest ranges, above and beyond
the increasing energy demands that accrue as an allometric
consequence of evolutionary increases in body size. Figure
3c,f makes clear that low MIBMR does not necessarily restrict
species to small ranges, but high MIBMR constrains species to
large ranges, presumably to satisfy their sustained high per
capita energy demands.
The hypothesis that energy demand per se restricts range
size can be considered further by examining the distribution of
range sizes for modal-sized mammals and how it varies as
body size departs from the mode towards larger body size.
First, consider two proxies of absolute energy demand, namely
body size and non-mass-adjusted BMR. The modal body size
in our data set occurs at log10(1.23) = 17 g for all mammals and
log10(1.51) = 32 g for rodents. The modal body size in the entire
mammal assemblage is ~100 g [111]. Based on the allometry
of BMR to body size, the modal mammal body size can be
construed as evolutionarily “favorable” or “optimal” in terms of
the energetics of converting resources into reproductive power
[116]. Inspection of Figure 3a,d shows that as body size
evolves away from this modal size range towards larger body
size, a constraint on the minimum area needed to support the
species appears to arise almost immediately, a point made in
seminal macroecologcial analyses of birds [18] and mammals
[63]. Similarly, if viewed in terms of absolute energy demand
(BMR; Figure 3b,e), the x-intercept of the lower constraint line
appears to occur at ~log10 (2) = 100 mLO 2/h, which is the
expected BMR for a ~log10 (2) = 100g mammal. Thus, an
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Figure 6. Among-families relationship between latitude-independent geographic range size and MIBMR and mass for (a)
all mammal families and (b) rodent families only. Points are average values for a family ± 1 SE. Points without error bars are
families represented by a single species. OLS regression lines are plotted where significant.
doi: 10.1371/journal.pone.0072731.g006

General insights from macro-scale analyses:
geographic and phylogenetic scale

apparent constraint arises as mammal body size, and by
allometric consequence, its absolute energy demand increases
from the modal body size. Second, from the perspective of
relative energy demand, we can ask how departures above
and below expected BMR influence range size. Examination of
the plots of range size versus MIBMR (Figure 3c,e; Figure S3)
and latitude-independent range size versus MIBMR (Figure 5)
suggest that the constraint line crosses the x-axis at ~0.0.
Hence, as soon as MIBMR increases above zero, a constraint
on minimum range size appears to arise such that mammals
with elevated MIBMR (> 0.0) are constrained to have larger
ranges.
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Relationships between species traits and measures of
distribution and abundance, like those observed here, are
generally weak in the traditional regression sense at large
spatial and taxonomic scales for a variety of reasons
[14,17,117]. Two findings from our study help explain some of
this unresolved variance, namely, that there are hemispheric
and temperate–tropic differences in functional relationships
(Figure 2b, Figure 5, Table 4, Figure S3), and that the strength
of functional relationships depends on phylogenetic scale
(Figure 3, Figure 6).
Hemispheric differences in latitudinal patterns of range
size. ‘Rapoport’s rule’ describes an interspecific pattern in
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which range size increases with latitude [6,46]. Although this
pattern has generally been found for terrestrial species in the
Northern hemisphere, it is clearly not a rule because its
existence is not taxonomically or geographically universal
[7,27,118,119]. Where patterns consistent with Rapoport’s rule
have been found, the most frequently proposed mechanism is
the Climatic Variability Hypothesis [43].
Our analysis was the first to use all available data (4,668
species) from the PanTHERIA database [8] to examine the
global latitudinal gradient in mammal range size and it revealed
two notable patterns. First, based on the latitudinal midpoint
method [7], we found that average range size increased with
latitude in the Northern hemisphere from about 40° latitude
towards the pole, but decreased in the Southern hemisphere
from about -20° latitude towards the pole (Figure 2a-c). This
hemispheric asymmetry affirms previous findings that
Rapoport’s rule does not generalize across hemispheres
[27,120].
Second, and more apparent than the trends in average
range size, the variance in range size decreased with latitude
in both hemispheres, so that there was a general absence of
stenotopic species whose geographic ranges are centered at
high latitudes in both hemispheres (Figure 2a). Thus, the global
relationship between latitude and mammal range size can be
summarized as: (1) few species with small ranges exist at high
latitudes in both hemispheres, as predicted by the Climatic
Variability Hypothesis (but also by the idea that the gradient in
range size is linked to the gradient in species richness
[46,120,121]), but (2) range size tends to decrease with latitude
in the Southern hemisphere and increase with latitude in the
Northern hemisphere, as predicted if available land area acts
as a constraint. Indeed, land area decreases dramatically with
latitude in the Southern hemisphere but increases with latitude
in the Northern hemisphere [120].
A similar global pattern between range size and latitude
occurs in birds, which was found to be well-correlated with the
global latitudinal gradient in total land area (Figure 3 in [120]).
Both land area and average range size increase with latitude in
the Northern hemisphere where there is more land overall, but
decrease with latitude in the Southern hemisphere where there
is less land overall. In contrast, the Climatic Variability
Hypothesis predicts a pattern of increasing range size with
latitude in both hemispheres.
Hemispheric and tropic-temperate differences in
functional relationships. Along with latitudinal variation in
range size, multiple regression indicated that significant
predictors of range size can be region-specific (Table 4). For all
mammals and just rodents, the positive relationship between
MIMBR and range size was most evident in the North where
elevated MIBMR is most common (Figure 2d,e; see below). In
this region, there was a significant positive relationship
regardless of regression method (OLS vs. PGLS) or response
variable (range size vs. latitude-independent range size) (Table
3). By contrast, the evidence for all mammals suggests no
relationship between MIBMR and range size in the Tropics or
South. For rodents, however, the relationship was significant in
the South, but only for PGLS and not for OLS regression. An
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obvious question is: why might the positive MIBMR-range size
relationship be most evident at high latitudes in the North?
The Climatic Variability Hypothesis predicts differences in
physiological tolerances and, consequently, range sizes,
between tropic versus temperate organisms [43]. MIBMR can
be viewed as a proxy for thermal tolerance in endotherms
because elevated metabolism increases the capacity for
thermogenesis, which is needed to maintain body temperature
at low environmental temperature (see section Thermal
Plasticity Hypothesis). Consistent with this view and the
predictions of the Climatic Variability Hypothesis, MIBMR
increases with latitude, which explained 20% and 15% of the
variation in all mammals and rodents, respectively (Figure
2c,e). These results corroborate a previous analysis of a
smaller dataset (267 species) of small (< 1 kg) mammals [122].
Other aspects of metabolic capacity, such as nonshivering
thermogenesis in rodents, also increase with latitude and
decrease with environmental temperature [123]. However,
while MIBMR clearly increases with latitude in the Northern
hemisphere, it is not clear from our data whether this also
occurs in the Southern hemisphere. Data are essentially
absent in the Southern hemisphere past -50° latitude likely
because the amount of land area decreases dramatically in this
region [120] and species are unlikely to have geographic
ranges centered at these latitudes. Past -55° latitude, there is
essentially no land available until reaching the frozen Antarctic
continent; the same latitude in the Northern hemisphere covers
approximately 2 x 106 km2 of land [120].
Figure 5 demonstrates more clearly differences in the
distribution of MIBMR among the North, Tropics and South.
Using MIBMR = 0.0 as a reference point, tropical species
(Figure 5b,e) skew towards reduced MIBMR (n = 164, mean
MIBMR = -0.143) versus elevated MIBMR (n = 99, mean =
0.106). By contrast, in the North (Figure 5a,d) more than twice
as many species show elevated MIBMR (n = 147, mean =
0.174) as opposed to reduced MIBMR (n = 67, mean = -0.113).
Thus, the comparison of tropical species to northern species
provides strong empirical support for the Climatic Variability
Hypothesis. However, the pattern does not hold for the South
(Figure 5c,f), where twice as many species exhibit reduced
MIBMR (n = 66, mean = -0.119) as opposed to elevated
MIBMR (n = 31, mean = 0.093). This pattern is both opposite
that of northern mammals and not consistent with the
prediction of the Climatic Variability Hypothesis, a discrepancy
that may relate to the different historical and contemporary
patterns of climatic variability and cold temperatures
experienced at high latitudes in the Northern (colder, more
variable) versus Southern (warmer, less variable) hemispheres
[27,28,76,119].
The fact that species with elevated MIBMR occur
disproportionately in the North likely explains why we find clear
evidence for a positive MIBMR-range size relationship in this
region, but less evidence in the Tropics or South. In short,
northern mammals tend to run “hot” with high relative energy
demands, and thus they densely populate a region of traitspace close to the positive lower bound invoked by the Energy
Constraint Hypothesis (Figure 1b).
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The value of a macrophysiological approach: predictive
power of PSTs and implications for climate change

Phylogeny. Most macroecological and macrophysiological
analyses to date ignore the biases that arise from phylogenetic
relatedness, which are widely acknowledged in many other
areas of comparative biology [23,24]. In part this is due to the
general lack of resolved phylogenies for the very large groups
of species for which physiological or distributional data are
assembled from the literature, but also by some concerns
about the utility and interpretation of phylogenetic comparative
methods.
Some have asserted that phylogenetic history should not be
considered in the analysis of life historical or physiological traits
because these traits must evolve rapidly and are under such
strong adaptive constraint that it is not possible for phylogeny
to constrain them [124-129]. However, these arguments have
been mathematically falsified [130] or are inconsistent with
other empirical findings of substantial lineage effects on BMR
and its allometric scaling in both mammals and birds
[60,82,131,132].
A more credible issue is that, although phylogenetic
comparative methods aim to statistically separate the
component of trait variation explained by common descent
from that which is typically viewed as the adaptive component
(i.e., that not correlated with phylogeny), phylogenetic signal is
now known to also arise from strong adaptive stasis [100]. This
finding means that because ‘phylogenetic signal’ actually
includes a strong effect of adaptive evolution, current
phylogenetic comparative methods over-compensate for
phylogenetic inertia. Unfortunately, there is no current
methodology for evaluating the contribution of adaptive stasis
to phylogenetic signal, suggesting that phylogenetic
comparative methods are overly conservative. Nonetheless,
relatedness clearly imposes some inertial constraint on
adaptive evolution that must be considered, even if current
methods are overly conservative.
We employed the best-resolved (~50%) species level
phylogeny in our analyses, but found that the results of nonphylogenetic and phylogenetic regression were qualitatively
similar. However, AICc scores from phylogenetic regression
were consistently lower or comparable to AICc scores from
non-phylogenetic regression, indicating that accounting for
phylogeny generally provided as good or a better fit to the data
than not doing so. It must be noted that the overall poor
resolution of the phylogeny means that the power of the
phylogenetically-grounded analyses was weak. Thus, the lack
of strong phylogenetic signal cannot be taken as a definitive
indication that phylogeny does not play a role in character
covariance among mammal species. This cautious view is
reinforced by the additional analyses we conducted at the
family level (Figure 6). While the overall phylogeneticallystructured analyses were not strikingly different from those not
accounting for phylogeny, the analysis at the family level
revealed much stronger functional relationships than the
species-level analysis (especially for rodents), which is a clear
indication of covariance among species traits and range
properties at the family level.
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Physiological Ecology is the field concerned with
understanding how organisms transduce abiotic environmental
variance into the phenotypes that determine both individual
fitness and demographic dynamics [53-57,133-135]. Although it
had a central role in early-mid 20th century Ecology,
Physiological Ecology was seconded to Community Ecology
(i.e., biotic interactions) as a principal focus of the study of
species distributions [36]. Macrophysiology represents a
conceptual reunification of physiology with ecology [36] and as
such reintegrates these ideas into the ecological mainstream to
address the fundamental ecological problem of understanding
interspecific diversity in and functional constraints on the
distribution and abundance of organisms. It also provides a
theoretical platform for understanding mechanistically how
abiotic factors influence distributions.
Our analysis of PSTs as predictors of mammalian
distributions explained more variance than previous studies
that have used more tangential predictors such as body size
(Table 1), especially at the family level (Figure 6). Moreover,
we found neglected but meaningful ecological signals in the
residuals of the BMR data, indicating that relative energy
demand, above and beyond absolute energy demand, explains
additional variance in mammalian range sizes. This finding of
latent signal in the residuals (MIBMR) reflects functional
divergence (evolutionary excursions) of mammal species
above and below the constraint imposed by allometric scaling,
and shows that our current grasp of how physiological
constraints relate to distributions in mammals and other
lineages is incomplete. Neglected patterns in residuals of PST
relationships deserve careful scrutiny in other systems and are
fertile lines of inquiry for understanding species distributions
[32]. Moreover, the macrophysiological signal emerging from
the residuals invites caution in generalizations that have been
advanced about how endotherms (or ectotherms) should
respond to warming climates [136] and how range size relates
to vulnerability to extinction.
The assumption underlying geographic range size as a key
criterion for extinction vulnerability [107,108] is that small
ranges (stenotopy) are inherently risky while large ranges
(eurytopy) confer resistance to stochastic extinction, an
assumption that may be sound, all else equal. However, our
analyses show that the degree to which stenotopy is risky in
mammals likely depends on body size and comparative
energetics. The previously recognized absence of largebodied, stenotopic species has been argued to be due to a
relatively higher likelihood of lethal energy limitation due to the
higher spatio-temporal unpredictability of energy in small
geographic areas (Energy Constraint Hypothesis). Our
analyses demonstrate directly the link between allometric and
non-allometric increases in energy demand (estimated by BMR
and MIBMR) and variation in range size. From this, we infer
that the degree to which stenotopy is risky is greatest in large
mammals with high absolute energy demand. Furthermore, we
infer that because this pattern also holds in the dimension of
relative energy demand, those mammals with higher than
expected BMR for their body size are at heightened
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vulnerability to range size reductions, above and beyond the
vulnerability accrued as a result of large body size or small
range size. Hence, the mammal species most vulnerable to
range size reductions and changes in energy landscapes (e.g.,
from habitat loss and climate change) are inferred to be those
that are both large-bodied and have supra-allometric MIBMR,
but also, small-bodied species with supra-allometric MIBMR
are inferred to be at heightened risk. Other recent findings
further suggest that the smallest mammals (those with the
highest mass-specific BMR) are also at heightened risk from
range size reductions [65]. Put another way, the mammal
species least at risk from range size reductions will
approximate the modal-sized mammal and have a low MIBMR.
Darwin’s [1] challenge to explain interspecific variance in
range sizes among closely related species remains an active
area of inquiry in modern Macroecology, made all the more
pressing by the need to predict how species will respond to
habitat loss and climate change. Macrophysiological
approaches, which directly evaluate relationships between
traits that are closely linked to organismal energetics and
landscape-scale patterns of distribution, are useful for meeting
this challenge, as shown here for analyses of the classic
mammalian geographic range size distribution.

range latitudinal midpoint occurs in the (a,d) North region,
(b,e) Tropics and (c,f) South region for all mammals and
rodents.
Significant OLS and PGLS relationships are
indicated by an asterisk.
(TIF)
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range sizes found in the entire mammal assemblage (b, e).
(TIF)
Figure S2. Allometric relationship between mass and BMR
in (a) all mammals and (b) rodents, including plots of the
residuals (MIBMR) versus mass. (TIF)
Figure S3.
Among-species relationship between
geographic range size and MIBMR for species whose

References
9. Hellmann JJ, Pelini SL, Prior KM, Dzurisin JD (2008) The response of
two butterfly species to climatic variation at the edge of their range and
the implications for poleward range shifts. Oecologia 157: 583-592. doi:
10.1007/s00442-008-1112-0. PubMed: 18648857.
10. Pelini SL, Dzurisin JDK, Prior KM, Williams CM, Marsico TD et al.
(2009) Translocation experiments with butterflies reveal limits to
enhancement of poleward populations under climate change. Proc Natl
Acad Sci U S A 106: 11160-11165. doi:10.1073/pnas.0900284106.
PubMed: 19549861.
11. Crozier LG (2004) Field transplants reveal summer constraints on a
butterfly range expansion. Oecologia 141: 148-157. PubMed:
15278427.
12. Crozier LG, Hendry AP, Lawson PW, Quinn TP, Mantua NJ et al.
(2008) Potential responses to climate change in organisms with
complex life histories: evolution and plasticity in Pacific salmon. Evol
Appl 1: 252-270. doi:10.1111/j.1752-4571.2008.00033.x.
13. Brown JH, Maurer BA (1989) Macroecology: the division of food and
space among species on continents. Science 243: 1145-1150. doi:
10.1126/science.243.4895.1145. PubMed: 17799895.
14. Brown JH (1995) Macroecology. Chicago: University of Chicago Press.

1. Darwin CR (1859) On the Origin of Species by Means of Natural
Selection, or the Preservation of Favoured Races in the Struggle for
Life. London: John Murray.
2. MacArthur RH (1972) Geographical Ecology: Patterns in the
Distribution of Species. Princeton: Princeton University Press.
3. Willis JC (1922) Age and Area: A Study in Geographical Distribution
and Origin of Species. Cambridge: Cambridge University Press.
4. Brown JH, Stevens GC, Kaufman DM (1996) The geographic range:
size, shape, boundaries, and internal structure. Annu Rev Ecol Syst 27:
597-623. doi:10.1146/annurev.ecolsys.27.1.597.
5. Darlington PJ Jr. (1957) Zoogeography: The Geographical Distribution
of Animals. New York: Wiley.
6. Rapoport EH (1982) Aerography: Geographical Strategies of Species.
New York: Pergammon Press.
7. Gaston KJ (2003) The Structure and Dynamics of Geographic Ranges.
Oxford: Oxford University Press.
8. Jones KE, Bielby J, Cardillo M, Fritz SA, O’Dell J et al. (2009)
PanTHERIA: a species-level database of life history, ecology, and
geography of extant and recently extinct mammals. Ecology 90: 2648.
doi:10.1890/08-1494.1.

PLOS ONE | www.plosone.org

17

September 2013 | Volume 8 | Issue 9 | e72731

Macrophysiology of Geographic Range Size

41. Stillman JH (2004) A comparative analysis of plasticity of thermal limits
in porcelain crabs across latitudinal and intertidal zone clines. Int Congr
Ser 1275: 267-274. doi:10.1016/j.ics.2004.09.034.
42. Stillman JH, Somero GN (2000) A comparative analysis of the upper
thermal tolerance limits of Eastern Pacific porcelain crabs, genus
Petrolisthes: influences of latitude, vertical zonation, acclimation, and
phylogeny. Physiol Biochem Zool 73: 200-208. doi:10.1086/316738.
PubMed: 10801398.
43. Janzen DH (1967) Why mountain passes are higher in the tropics. Am
Nat 101: 233-249. doi:10.1086/282487.
44. Brattstrom BH (1968) Thermal acclimation in Anuran amphibians as a
function of latitude and altitude. Comp Biochem Physiol 24: 93-111. doi:
10.1016/0010-406X(68)90961-4. PubMed: 5689525.
45. Ghalambor CK, Huey RB, Martin PR, Tewksbury JJ, Wang G (2006)
Are mountain passes higher in the tropics? Janzen’s hypothesis
revisited. Integr Comp Biol 46: 5-17. doi:10.1093/icb/icj003. PubMed:
21672718.
46. Stevens GC (1989) The latitudinal gradient in geographical range: how
so many species coexist in the tropics. Am Nat 133: 240-256. doi:
10.1086/284913.
47. Cruz FB, Fitzgerald LA, Espinoza RE, Schulte II[!(surname)!] (2005)
The importance of phylogenetic scale in tests of Bergmann’s and
Rapoport’s rules: lessons from a clade of South American lizards. J
Evol Biol 18: 1559-1574. doi:10.1111/j.1420-9101.2005.00936.x.
PubMed: 16313468.
48. Sunday JM, Bates AE, Dulvy NK (2011) Global analysis of thermal
tolerance and latitude in ectotherms. Proc R Soc Lond B 278:
1823-1830. doi:10.1098/rspb.2010.1295. PubMed: 21106582.
49. Gaston KJ, Spicer JI (2001) The relationship between range size and
niche breadth: a test using five species of Gammarus (Amphipoda).
Glob Ecol Biogeogr 10: 179-188. doi:10.1046/j.1466-822x.
2001.00225.x.
50. Calosi P, Bilton DT, Spicer JI, Atfield A (2008) Thermal tolerance and
geographical range size in the Agabus brunneus group of European
diving beetles (Coleoptera: Dytiscidae). J Biogeogr 35: 295-305.
51. Lloyd KM, Bastow Wilson J, Lee WG (2003) Correlates of geographic
range size in New Zealand Chionochloa (Poaceae) species. J Biogeogr
30: 1751-1761. doi:10.1046/j.1365-2699.2003.00922.x.
52. Gates DM (1980) Biophysical Ecology. New York: Springer-Verlag.
53. Porter W, Gates D (1969) Thermodynamic equilibria of animals with
environment. Ecol Monogr 39: 227–244. doi:10.2307/1948545.
54. Porter WP, Tracy CR (1983) Biophysical analyses of energetics, timespace utilization, and distributional limits. In: RB HueyER PiankaTW
Schoener. Lizard Ecology: Studies of a Model Organism. Cambridge,
MA: Harvard University Press. pp. 55-83.
55. Porter WP (1989) New animal models and experiments for calculating
growth potential at different elevations. Physiol Zool 62: 286-313.
56. Dunham AE (1993) Population responses to environmental change:
operative environments, physiologically structured models, and
population dynamics. In: P KareivaJ KingsolverR Huey. Biotic
Interactions and Global Change. Sunderland, MA: Sinauer Associates.
pp. 95-119.
57. Dunham AE, Grant BW, Overall KL (1989) Interfaces between
biophysical and physiological ecology and the population ecology of
terrestrial vertebrate ectotherms. Physiol Zool 62: 335-355.
58. O’Connor MP, Sieg AE, Dunham AE (2006) Linking physiological
effects on activity and resource use to population level phenomena.
Integr Comp Biol 46: 1093-1109. doi:10.1093/icb/icl031. PubMed:
21672811.
59. McNab BK (2008) An analysis of the factors that influence the level and
scaling of mammalian BMR. Comp Biochem Physiol A 151: 5-28.
60. Sieg AE, O’Connor MP, McNair JN, Grant BW, Agosta SJ et al. (2009)
Mammalian metabolic allometry: do intraspecific variation, phylogeny,
and regression models matter? Am Nat 174: 720-733. doi:
10.1086/606023. PubMed: 19799501.
61. Blackburn TM, Gaston KJ (1996) Spatial patterns in the geographic
range sizes of bird species in the New World. Philos Trans R Soc B
351: 897-912. doi:10.1098/rstb.1996.0083.
62. Diniz-Filho JAF, Carvalho P, Bini LM, Tôrres NM (2005) Macroecology,
geographic range size-body size relationship and minimum viable
population analysis for new world Carnivora. Acta Oecol 27: 25-30. doi:
10.1016/j.actao.2004.08.006.
63. Brown JH, Nicoletto PF (1991) Spatial scaling of species composition:
body masses of North American land mammals. Am Nat 138:
1478-1512. doi:10.1086/285297.
64. Gaston KJ, Blackburn TM (1996) Range size-body size relationships:
evidence of scale dependence. Oikos 75: 479-485. doi:
10.2307/3545889.

15. Brown JH (1999) The legacy of Robert MacArthur: from geographical
ecology to macroecology. J Mamm 80: 333-344. doi:10.2307/1383283.
16. Maurer BA (1999) Untangling Ecological Complexity: the Macroscopic
Perspective. Chicago: University of Chicago Press.
17. Gaston KJ, Blackburn TM (2000) Pattern and Process in
Macroecology. New York: Wiley-Blackwell.
18. Brown JH, Maurer BA (1987) Evolution of species assemblages: effects
of energetic constraints and species dynamics on the diversification of
the North American avifauna. Am Nat 130: 1-17. doi:10.1086/284694.
19. Sexton JP, McIntyre PJ, Angert AL, Rice KJ (2009) Evolution and
ecology of species range limits. Annu Rev Ecol Evol Syst 40: 415-436.
doi:10.1146/annurev.ecolsys.110308.120317.
20. Gaston KJ (2009) Geographic range limits: achieving synthesis. Proc R
Soc Lond B 276: 1395-1406. doi:10.1098/rspb.2008.1480. PubMed:
19324809.
21. Calosi P, Bilton DT, Spicer JI, Votier SC, Atfield A (2010) What
determines a species’ geographical range? Thermal biology and
latitudinal range size relationships in European diving beetles
(Coleoptera: Dytiscidae). J Anim Ecol 79: 194-204. doi:10.1111/j.
1365-2656.2009.01611.x. PubMed: 19761459.
22. Bozinovic F, Calosi P, Spicer JI (2011) Physiological correlates of
geographic range in animals. Annu Rev Ecol Evol Syst 42: 155-179.
doi:10.1146/annurev-ecolsys-102710-145055.
23. Felsenstein J (1985) Phylogenies and the comparative method. Am Nat
125: 1-15. doi:10.1086/284325.
24. Harvey PH, Pagel MD (1991) The Comparative Method in Evolutionary
Biology. Oxford: Oxford University Press.
25. Davies TJ, Buckley LB, Grenyer R, Gittleman JL (2011) The influence
of past and present climate on the biogeography of modern mammal
diversity. Philos Trans R Soc B 366: 2526-2535. doi:10.1098/rstb.
2011.0018. PubMed: 21807733.
26. Buckley LB, Davies TJ, Ackerly DD, Kraft NJB, Harrison SP et al.
(2010) Phylogeny, niche conservatism and the latitudinal diversity
gradient in mammals. Proc R Soc Lond B 277: 2131-2138. doi:10.1098/
rspb.2010.0179. PubMed: 20335205.
27. Gaston KJ, Chown SL (1999) Why Rapoport’s Rule does not
generalise. Oikos 84: 309-312. doi:10.2307/3546727.
28. Criddle RS, Church JN, Smith BN, Hansen LD (2003) Fundamental
causes of the global patterns of species range and richness. Russ J
Plant Physiol 50: 192-199. doi:10.1023/A:1022969029867.
29. Merriam CH (1894) Laws of temperature control of the geographic
distribution of terrestrial animals and plants. Natl Geographic Mag 6:
229-238.
30. LeConte J (1900) Outlines of the comparative physiology and
morphology of animals. New York: D Appleton and Company.
31. Grinnell J (1917) Field tests of theories concerning distributional
control. Am Nat 51: 115-128. doi:10.1086/279591.
32. Bernardo J, Ossola RJ, Spotila J, Crandall KA (2007) Interspecies
physiological variation as a tool for cross-species assessments of
global warming-induced endangerment: validation of an intrinsic
determinant of macroecological and phylogeographic structure. Biol
Lett 3: 695-699. doi:10.1098/rsbl.2007.0259. PubMed: 17711816.
33. Chown SL, Gaston KJ (2008) Macrophysiology for a changing world.
Proc R Soc Lond B 275: 1469-1478. doi:10.1098/rspb.2008.0137.
PubMed: 18397867.
34. Chown SL, Gaston KJ, Robinson D (2004) Macrophysiology: largescale patterns in physiological traits and their ecological implications.
Funct Ecol 18: 159-167. doi:10.1111/j.0269-8463.2004.00825.x.
35. Osovitz CJ, Hofmann GE (2007) Marine macrophysiology: studying
physiological variation across large spatial scales in marine systems.
Comp Biochem Physiol A 147: 821-827. doi:10.1016/j.cbpa.
2007.02.012. PubMed: 17368945.
36. Gaston KJ, Chown SL, Calosi P, Bernardo J, Bilton DT et al. (2009)
Macrophysiology: a conceptual reunification. Am Nat 174: 595-612. doi:
10.1086/605982. PubMed: 19788354.
37. Addo-Bediako A, Chown SL, Gaston KJ (2000) Thermal tolerance,
climatic variability and latitude. Proc R Soc Lond B 267: 739-745. doi:
10.1098/rspb.2000.1065. PubMed: 10819141.
38. Pither J (2003) Climate tolerance and interspecific variation in
geographic range size. Proc R Soc Lond B 270: 475-481. doi:10.1098/
rspb.2002.2275. PubMed: 12641901.
39. Rezende EL, Bozinovic F, Garland T Jr (2004) Climatic adaptation and
the evolution of basal and maximum rates of metabolism in rodents.
Evolution 58: 1361-1374. doi:10.1554/03-499. PubMed: 15266984.
40. Stillman JH (2003) Acclimation capacity underlies susceptibility to
climate change. Science 301: 65. doi:10.1126/science.1083073.
PubMed: 12843385.

PLOS ONE | www.plosone.org

18

September 2013 | Volume 8 | Issue 9 | e72731

Macrophysiology of Geographic Range Size

65. Agosta SJ, Bernardo J (2013) New macroecological insights into
functional constraints on mammalian geographical range size. Proc R
Soc Lond B 280: 20130140. PubMed: 23486441.
66. Hulbert AJ, Else PL (2000) Mechanisms underlying the cost of living in
animals. Annu Rev Physiol 62: 207-235. doi:10.1146/annurev.physiol.
62.1.207. PubMed: 10845090.
67. Speakman JR (1999) The cost of living: field metabolic rates of small
mammals. In: AH FitterDG Raffaelli. Advances in Ecological Research.
Academic Press. pp. 177-297.
68. Speakman JR, Krol E, Johnson MS (2004) The functional significance
of individual variation in basal metabolic rate. Physiol Biochem Zool 77:
900-915. doi:10.1086/427059. PubMed: 15674765.
69. Hulbert AJ, Else PL (2004) Basal metabolic rate: history, composition,
regulation, and usefulness. Physiol Biochem Zool 77: 869-876. doi:
10.1086/422768. PubMed: 15674762.
70. Kleiber M (1932) Body size and metabolism. Hilgardia 6: 315-353.
71. Schmidt-Nielsen K (1984) Scaling: Why is Animal Size so Important?
Cambridge: Cambridge University Press.
72. MacMillen RE, Garland T Jr (1989) Adaptive physiology. In: GL
KirklandJN Layne. Lubbock, TX: Texas Tech University Press.
Advances in the Study of Peromyscus (Rodentia). pp. 143-168
73. Lovegrove BG (2000) The zoogeography of mammalian basal
metabolic rate. Am Nat 156: 201-219. doi:10.1086/303383. PubMed:
10856202.
74. Humphries MM, Boutin S, Thomas DW, Ryan JD, Selman C et al.
(2005) Expenditure freeze: the metabolic response of small mammals
to cold environments. Ecol Lett 8: 1326-1333. doi:10.1111/j.
1461-0248.2005.00839.x.
75. Raichlen DA, Gordon AD, Muchlinski MN, Snodgrass JJ (2010) Causes
and significance of variation in mammalian basal metabolism. J Comp
Physiol B 180: 301-311. doi:10.1007/s00360-009-0399-4. PubMed:
19730868.
76. Criddle RS, Hansen LD, Smith BN, Macfarlane C, Church JN et al.
(2005) Thermodynamic law for adaptation of plants to environmental
temperatures. Pure Appl Chem 77: 1425-1444. doi:10.1351/
pac200577081425.
77. Clarke A, Pörtner HO (2010) Temperature, metabolic power and the
evolution of endothermy. Biol Rev 85: 703-727. PubMed: 20105154.
78. McCain CM (2009) Vertebrate range sizes indicate that mountains may
be “higher’ in the tropics. Ecol Lett 12: 550-560. doi:10.1111/j.
1461-0248.2009.01308.x. PubMed: 19389141.
79. Zimmermann C, Hubold G (1998) Respiration and activity of Arctic and
Antarctic fish with different modes of life: a multivariate analysis of
experimental data. In: G di PriscoE PisanoA Clarke. Fishes of
Antarctica: A Biological Overview. Milano: Springer Verlag. pp.
163-174.
80. Clarke A, Johnston NM (1999) Scaling of metabolic rate with body
mass and temperature in teleost fish. J Anim Ecol 68: 893-905. doi:
10.1046/j.1365-2656.1999.00337.x.
81. Mueller P, Diamond J (2001) Metabolic rate and environmental
productivity: well-provisioned animals evolved to run and idle fast. Proc
Natl Acad Sci U S A 98: 12550-12554. doi:10.1073/pnas.221456698.
PubMed: 11606744.
82. Jetz W, Freckleton RP, McKechnie AE (2008) Environment, migratory
tendency, phylogeny and basal metabolic rate in birds. PLOS ONE 3:
e3261. doi:10.1371/journal.pone.0003261. PubMed: 18810267.
83. Careau V, Bininda-Emonds ORP, Thomas DW, Réale D, Humphries
MM (2009) Exploration strategies map along fast-slow metabolic and
life-history continua in muroid rodents. Funct Ecol 23: 150-156. doi:
10.1111/j.1365-2435.2008.01468.x.
84. Gębczyński AK, Konarzewski M (2009) Locomotor activity of mice
divergently selected for basal metabolic rate: a test of hypotheses on
the evolution of endothermy. J Evol Biol 22: 1212-1220. doi:10.1111/j.
1420-9101.2009.01734.x. PubMed: 19344384.
85. Sears MW, Hayes JP, O’Connor CS, Geluso K, Sedinger JS (2006)
Individual variation in thermogenic capacity affects above-ground
activity of high-altitude Deer Mice. Funct Ecol 20: 97-104. doi:10.1111/j.
1365-2435.2006.01067.x.
86. Haag CR, Saastamoinen M, Marden JH, Hanski I (2005) A candidate
locus for variation in dispersal rate in a butterfly metapopulation. Proc R
Soc Lond B 272: 2449-2456. doi:10.1098/rspb.2005.3235.
87. Niitepõld K, Smith AD, Osborne JL, Reynolds DR, Carreck NL et al.
(2009) Flight metabolic rate and Pgi genotype influence butterfly
dispersal rate in the field. Ecology 90: 2223-2232. doi:
10.1890/08-1498.1. PubMed: 19739384.
88. Böhning-Gaese K, Caprano T, van Ewijk K, Veith M (2006) Range size:
disentangling current traits and phylogenetic and biogeographic factors.
Am Nat 167: 555-567. doi:10.1086/501078. PubMed: 16670997.

PLOS ONE | www.plosone.org

89. Rundle SD, Bilton DT, Abbott JC, Foggo A (2007) Range size in North
American Enallagma damselflies correlates with wing size. Freshw Biol
52: 471-477. doi:10.1111/j.1365-2427.2006.01712.x.
90. Leger EA, Forister ML (2009) Colonization, abundance, and geographic
range size of gravestone lichens. Basic Appl Ecol 10: 279-287. doi:
10.1016/j.baae.2008.04.001.
91. Bennett AF, Ruben JA (1979) Endothermy and activity in vertebrates.
Science 206: 649-654. doi:10.1126/science.493968. PubMed: 493968.
92. Hayes JP (2010) Metabolic rates, genetic constraints, and the evolution
of endothermy. J Evol Biol 23: 1868-1877. doi:10.1111/j.
1420-9101.2010.02053.x. PubMed: 20698922.
93. Ceballos G, Ehrlich PR (2006) Global mammal distributions,
biodiversity hotspots, and conservation. Proc Natl Acad Sci U S A 103:
19374-19379. doi:10.1073/pnas.0609334103. PubMed: 17164331.
94. Ceballos G, Ehrlich PR, Soberón J, Salazar I, Fay JP (2005) Global
mammal conservation: what must we manage? Science 309: 603-607.
doi:10.1126/science.1114015. PubMed: 16040704.
95. Bininda-Emonds ORP, Cardillo M, Jones KE, MacPhee RDE, Beck
RMD et al. (2007) The delayed rise of present-day mammals. Nature
446: 507-512. doi:10.1038/nature05634. PubMed: 17392779.
96. Bininda-Emonds ORP, Cardillo M, Jones KE, MacPhee RDE, Beck
RMD et al. (2008) Corrigendum: The delayed rise of present-day
mammals. Nature 456: 274-274. doi:10.1038/nature07514.
97. Wilson DE, Reeder DM, editors (2005) Mammal Species of the World.
A Taxonomic and Geographic Reference. 3rd ed. Baltimore: Johns
Hopkins University Press.
98. Freckleton RP, Harvey PH, Pagel M (2002) Phylogenetic analysis and
comparative data: a test and review of evidence. Am Nat 160: 712-726.
doi:10.1086/343873. PubMed: 18707460.
99. O’Connor MP, Agosta SJ, Hansen F, Kemp SJ, Sieg AE et al. (2007)
Phylogeny, regression, and the allometry of physiological traits. Am Nat
170: 431-442. doi:10.1086/519459. PubMed: 17879193.
100. Estes S, Arnold SJ (2007) Resolving the paradox of stasis: models with
stabilizing selection explain evolutionary divergence on all timescales.
Am Nat 169: 227-244. doi:10.1086/510633. PubMed: 17211806.
101. Paradis E, Claude J, Strimmer K (2004) APE: analysis of phylogenetics
and evolution in R language. Bioinformatics 20: 289-290. doi:10.1093/
bioinformatics/btg412. PubMed: 14734327.
102. R Development Core Team (2009) R: A language and environment for
statistical computing. Vienna, Austria: R Foundation for Statistical
Computing.
103. Pagel M (1999) Inferring the historical patterns of biological evolution.
Nature 401: 877-884. doi:10.1038/44766. PubMed: 10553904.
104. Revell LJ (2010) Phylogenetic signal and linear regression on species
data. Methods Ecol Evol 1: 319-329.
105. Burnham KP, Anderson DR (2002) Model Selection and Multimodel
Inference: A Practical Information-Theoretic Approach. New York:
Springer Verlag.
106. Institute SAS (2009) JMP® Software Cary, NC: SAS Institute Inc.
107. IUCN (2011) Guidelines for Using the IUCN Red List Categories and
Criteria, version 9.0.
108. IUCN (2001) IUCN Red List Categories and Criteria, version 3.1 Gland,
Switzerland and Cambridge, UK: IUCN Species Survival Commission.
109. Bernardo J, Spotila JR (2006) Physiological constraints on organismal
response to global warming: mechanistic insights from clinally varying
populations and implications for assessing endangerment. Biol Lett 2:
135-139. doi:10.1098/rsbl.2005.0417. PubMed: 17148347.
110. Boyer AG, Jetz W (2012) Conservation biology. In: RM SiblyJH BrownA
Kodric-Brown. Metabolic Ecology: A Scaling Approach. Oxford, UK:
John Wiley & Sons.
111. Smith FA, Lyons SK (2011) How big should a mammal be? A
macroecological look at mammalian body size over space and time.
Philos Trans R Soc B 366: 2364-2378. doi:10.1098/rstb.2011.0067.
112. Kelt DA, Van Vuren D (1999) Energetic constraints and the relationship
between body size and home range area in mammals. Ecology 80:
337-340. doi:10.1890/0012-9658(1999)080[0337:ECATRB]2.0.CO;2.
113. Kelt DA, Van Vuren DH (2001) The ecology and macroecology of
mammalian home range area. Am Nat 157: 637-645. doi:
10.1086/320621. PubMed: 18707280.
114. Blackburn TM, Gaston KJ, editors (2003) Macroecology: Concepts and
Consequences. Oxford, UK: Blackwood Science Limited.
115. Gaston KJ, Blackburn TM (1996) Conservation implications of
geographic range size—body size relationships. Conserv Biol 10:
638-646. doi:10.1046/j.1523-1739.1996.10020638.x.
116. Brown JH, Marquet PA, Taper ML (1993) Evolution of body size:
consequences of an energetic definition of fitness. Am Nat 142:
573-584. doi:10.1086/285558. PubMed: 19425961.

19

September 2013 | Volume 8 | Issue 9 | e72731

Macrophysiology of Geographic Range Size

117. Blackburn TM, Gaston KJ (1996) Spatial patterns in the species
richness of birds in the New World. Ecography 19: 369-376. doi:
10.1111/j.1600-0587.1996.tb00247.x.
118. Roy K, Jablonski D, Valentine JW (1994) Eastern Pacific molluscan
provinces and latitudinal diversity gradient: no evidence for "Rapoport’s
rule". Proc Natl Acad Sci U S A 91: 8871-8874. doi:10.1073/pnas.
91.19.8871. PubMed: 11607494.
119. Chown SL, Sinclair BJ, Leinaas HP, Gaston KJ (2004) Hemispheric
asymmetries in biodiversity-a serious matter for ecology. PLOS Biol 2:
e406. doi:10.1371/journal.pbio.0020406. PubMed: 15547645.
120. Orme CDL, Davies RG, Olson VA, Thomas GH, Ding T-S et al. (2006)
Global patterns of geographic range size in birds. PLOS Biol 4: e208.
doi:10.1371/journal.pbio.0040208. PubMed: 16774453.
121. Anderson S, Koopman KF (1981) Does interspecific competition limit
the sizes of ranges of species? AM Mus Novit 2716: 1-10.
122. Lovegrove BG (2003) The influence of climate on the basal metabolic
rate of small mammals: a slow-fast metabolic continuum. J Comp
Physiol B 173: 87-112. PubMed: 12624648.
123. Rodríguez-Serrano E, Bozinovic F (2009) Interplay between global
patterns of environmental temperature and variation in nonshivering
thermogenesis of rodent species across large spatial scales. Glob
Change Biol 15: 2116-2122. doi:10.1111/j.1365-2486.2009.01854.x.
124. Westoby M, Leishman MR, Lord JM (1995) On misinterpreting the
‘phylogenetic correction’. J Ecol 83: 531-534. doi:10.2307/2261605.
125. Westoby M, Leishman M, Lord J (1995) Further remarks on
phylogenetic correction. J Ecol 83: 727-729. doi:10.2307/2261640.
126. McNab BK (2009) Energy expenditure cannot be effectively analyzed
with phylogenetically based techniques. In: S MorrisA Vosloo.
Molecules to Migration: The Pressures of Life: Medimond Editore. pp.
621-626.
127. McNab BK (2005) Ecological factors influence energetics in the Order
Carnivora. Curr Zool 51: 535-545.
128. McNab BK (2012) Extreme Measures: the Ecological Energetics of
Birds and Mammals. Chicago: University of Chicago Press.
129. McNab BK (2003) Standard energetics of phyllostomid bats: the
inadequacies of phylogenetic-contrast analyses. Comp Biochem

PLOS ONE | www.plosone.org

130.
131.

132.

133.

134.
135.
136.

137.
138.
139.

20

Physiol A 135: 357-368. doi:10.1016/S1095-6433(03)00090-4.
PubMed: 12829044.
Blomberg SP, Lefevre JG, Wells JA, Waterhouse M (2012)
Independent contrasts and PGLS regression estimators are equivalent.
Syst Biol 61: 382-391. doi:10.1093/sysbio/syr118. PubMed: 22215720.
Swanson DL, Garland JT (2009) The evolution of high summit
metabolism and cold tolerance in birds and its impact on present-day
distributions.
Evolution
63:
184-194.
doi:10.1111/j.
1558-5646.2008.00522.x. PubMed: 18803689.
White CR, Blackburn TM, Seymour RS (2009) Phylogenetically
informed analysis of the allometry of mammalian basal metabolic rate
supports neither geometric nor quarter-power scaling. Evolution 63:
2658-2667.
doi:10.1111/j.1558-5646.2009.00747.x.
PubMed:
19519636.
Porter WP, Mitchell JW, Beckman WA, Tracy CR (1975) Environmental
constraints on some predator-prey interactions. In: DM GatesRB
Schmerl. Perspectives of Biophysical Ecology. New York: SpringerVerlag. pp. 347-364.
Huey RB (1991) Physiological consequences of habitat selection. Am
Nat 137: S91-S115. doi:10.1086/285141.
Huey RB, Stevenson RD (1979) Integrating thermal physiology and
ecology of ectotherms: a discussion of approaches. Am Zool 19:
357-366.
Buckley LB, Hurlbert AH, Jetz W (2012) Broad-scale ecological
implications of ectothermy and endothermy in changing environments.
Glob
Ecol
Biogeogr
21:
873–885.
doi:10.1111/j.
1466-8238.2011.00737.x.
Ayres JM, Clutton-Brock TH (1992) River boundaries and species
range size in Amazonian primates. Am Nat 140: 531-537. doi:
10.1086/285427. PubMed: 19426056.
Arita HT, Robinson JG, Redford KH (1990) Rarity in neotropical forest
mammals and its ecological correlates. Conserv Biol 4: 181–192. doi:
10.1111/j.1523-1739.1990.tb00107.x.
Fernández MH, Vrba ES (2005) Body size, biomic specialization and
range size of African large mammals. J Biogeogr 32: 1243-1125. doi:
10.1111/j.1365-2699.2005.01270.x.

September 2013 | Volume 8 | Issue 9 | e72731

